Flooding's impact on shallow groundwater is not well investigated. In this study, we analyzed changes in the depth and quality of a regional shallow aquifer in the 10.9 × 10 4 km 2 Sanjiang Plain, Northeast China, following a large flood in the summer of 2013. Pre-(2008Pre-( -2012 and post-flood records on groundwater table depth and groundwater chemistry were gathered from 20 wells across the region. Spatial variability of groundwater recharge after the flood was assessed and the changes in groundwater quality in the post-flood period were determined. The study found a considerable increase in the groundwater table after the 2013 summer flood across the region, with the largest (3.20 m) and fastest (0.80 m·s 4576 study shows that floods should be managed as water resources to ease the local water shortage as well as shallow groundwater pollution.
Introduction
Floods and their impact on waterways, society, and the economy have been investigated intensively worldwide. However, floods' impact on regional shallow groundwater and quality is not well documented. Although floods are often hazardous to human life and the environment (e.g., soil erosion, inundation of lands, and swamping caused by the groundwater level rising) [1] [2] [3] [4] , they can be one of the main recharge sources for groundwater in some regions, especially for shallow groundwater [5, 6] . This aspect has not been addressed sufficiently in the research, probably due to the difficulty of quantifying flood impacts because of the characteristics of rapid occurrence, short-term duration of floods, and limitation in modeling the interchange processes and measuring the interchange processes [4] . As global climate change persists and more extreme precipitation is expected, more extreme floods may occur, especially in urbanized areas where intensive land use can increase surface runoff. Hence, understanding how a flood impacts on the depth and quality of shallow groundwater can be relevant for regional water resources management planning and groundwater flooding risk management [7] .
In a study on the Mekong River, May et al. [3] found that the river's floods played an important role in regional groundwater recharge in Central Cambodia. From a study on the relation between river stage and groundwater table in Russia, Belousova [2] observed that floods with different intensities caused different rises of groundwater. Simpson et al. [6] postulated that floods with differing sizes and durations could affect riparian shallow groundwater systems, and that larger flood events could result in much higher groundwater recharge. A few recent studies [8, 9] found that flood events could also affect shallow groundwater quality.
In many regions in the world, shallow groundwater is critically important in providing water for irrigation and wetlands. The Sanjiang Plain in China is the country's largest inland freshwater wetland region with a total wetland area of 1.14 × 10 4 km 2 [10] . The plain is also one of China's most important grain production regions with a total arable land of 3.67 × 10 of groundwater are used for agriculture irrigation in the Sanjiang Plain, which accounts for 60% of the total groundwater pumpage in the region [11, 12] . In a recent groundwater assessment for the Jiansanjiang Farming Bureau, the largest rice production region of the Sanjiang Plain, Wang et al. [13] found a much lower annual groundwater recharge (7. ). Continuous use of the large quantity of groundwater has generated concerns, as researchers found a considerable drop in the regional shallow groundwater. For instance, Zhao et al. [14] reported a 5-m decline of the shallow groundwater level in the central Sanjiang Plain and a large cone of depression in the northwest Sanjiang Plain over the past 50 years.
The large usage of groundwater in the region, together with the large-area conversion of wetlands for rice cultivation over the past three decades, has also been reported to have an impact on surface water [15, 16] and groundwater quality [17] , due probably to the higher volume of bank storage between the surface water (rivers and wetlands) and groundwater. With the shallow groundwater depth dropping, the region has experienced large-scale wetland degradation. Song et al. [18] reported that, in total, about 80% of the wetlands in the Sanjiang Plain have disappeared since the 1960s.
Collectively, the above issues raise serious concern over the long-term development of regional agriculture, the economy, and environmental health. Management strategies and plans are needed to protect the region's groundwater resources and wetlands. The Sanjiang Plain experiences frequent floods [19] , which may play an important role in the regional groundwater resources. In 2013, from the end of July to mid-August, heavy rainfall occurred near the Heilong River between China and Russia, causing many areas of the Sanjiang Plain to experience flooding. From 15 to 17 August, heavy rainfall exacerbated the situation, causing the worst flooding in the region in more than a decade [20] . Nankouqian Township, one of the hardest-hit areas, had 44.9 centimeters of rain, half the average annual total, on 16 August alone [21] . By 18 August, water levels at 61 reservoirs surpassed the flood danger level. The Heilong River reached a record stage of 100.56 meters, surpassing the previous record set in 1984 [21] . This extreme flood event provided an opportunity to investigate the impact of a major flood on regional shallow groundwater. The primary goal of this study was to gain critical information on the future flood recharging mechanisms of shallow groundwater, in order to develop effective management strategies to obtain more recharging height and support sustainable agriculture in the region.
Study Area
Covering a total land area of 10. . The discharges of the Songhua and Heilong Rivers decreased continuously over the past 60 years [22] .
The climate of this region can be characterized as temperate continental monsoon, with a long-term annual average temperature of 2.8 °C and an annual average precipitation of 500-650 mm, more than 60.0% of which occurs within three months, June to August [20] . The topography of this region is flat and much of the region is located on a floodplain with a slope gradient between 0.01% and 0.02%. The west and southeast boundaries of the Sanjiang Plain are Xiaoxinganling Mountain and Wanda Mountain, with elevations of 1429 m.a.s.l. and 831 m.a.s.l., respectively. The region is largely covered by Quaternary alluvial sediments, where the major mining layers of groundwater are located. Based on the geological age, geomorphology, lithology, and burial depth, the aquifer formations can be classified as (1) quaternary loose deposits of sand gravel aquifer; (2) tertiary sandstone siltstone interlayer aquifer; and (3) quaternary bedrock fissure aquifer. The aquifer materials consist of a mix of loam, fine sand, medium sand, sandy clays, silts, and volcanic rocks [23] .
The Sanjiang Plain has a large area of wetland. In the past half century, many of the wetlands have been converted into agricultural farmland [15] . In the past 10 years, the areas of woodland, meadow, and wetlands further decreased by 0.58%, 12.53%, and 4.41%, respectively, but the rice farming area increased by 2.08% [20] . Currently, major land use/land cover types in the Sanjiang Plain include wetland, rice paddy, crop upland, woodland, and meadow. The wetlands occupy 9.2% (or 1.00 × 10 . Rice is the dominant crop in the region [13, 18] . Interactions between groundwater and surface water in the Sanjiang Plain have been reported to be high [24] . River bank storage could be filled with continuous floods [25] , while many places near the rivers are often flooded during heavy rainfall. Therefore, shallow groundwater could be recharged directly under ponding conditions. Furthermore, the large area of wetlands and irrigated rice paddies in the Sanjiang Plain could also contribute to the shallow groundwater flooding. The 2013 summer flood in the region was extreme. The water level at three major river stations-Haerbin, Jiamusi, Fujin-Along the Songhua River were 119.49 m, 79.85 m, and 60.86 m, respectively, and have surpassed the flood danger level by 1.39 m, 0.85 m, and 0.76 m, respectively [19] . Due to the lower permeability coefficient of deep layers in the western Sanjiang Plain [14] , this 2013 extreme flood may cause higher recharge in the west than in other areas of the Sanjiang Plain. 
Methodology

Field Water Depth Records and Chemical Analysis
We collected data on shallow groundwater depths of 20 wells across the Sanjiang Plain ( Figure 1 ) for 2008-2013 from the Jiamusi Bureau of Hydraulics. Water table depths in these wells were recorded with an automatic water level recorder (Odyssey, Dataflow Co., Christchurch, New Zealand). The time interval of recording groundwater depths was one month. The water depth data were used for determination of the 2013 flood effect on recharge.
In May 2013 and November 2013, field measurements of pH and electrical conductivity (EC) were conducted at each of the 20 wells with a portable water quality Sonde (Mettler-Toledo, GmbH, Greifensee, Switzerland). Before its use, the Sonde was calibrated with a standard solution of 9.18, 6.86, and 4.00. The test cup was washed three times with a standard KCl solution. In addition, water samples were collected from the wells for chemical analysis of nitrate nitrogen (NO3 − ) (NOVER 400, MERCK Co., Darmstadt, Germany) and chloride ion (Cl − ) (TR 320, MERCK Co., Darmstadt, Germany) concentrations. The detection limit for the analysis of nitrate is 0.15 mg/L and the detection limit for chloride ion is 2.5 mg/L. The water quality measurements pre-flood (May 2013 ) and post-flood (November 2013) were used to assess the summer flood's effect on shallow groundwater quality.
Estimation of Recharge Height and Flow to Shallow Groundwater from the 2013 Flood
We used the Thiessen Polygon method [26] to estimate regional shallow groundwater rising height after the 2013 summer flood. The computation was executed with the spatial analysis tool of software ArcGIS 10.0 (ESRI, Redlands, CA, USA).
Estimation of Shallow Groundwater Rising Velocity from the 2013 Flood
Groundwater rising velocity was estimated using the following equation [27] :
where V is rising velocity of groundwater depth; Δt is the unite time; and H1 and H0 are the final and first groundwater depth, respectively, corresponding to the t Δ .
Results
Water Depth Change Following the 2013 Summer Flood
The shallow groundwater depth of all 20 investigated wells on the Sanjiang Plain increased following the 2013 summer flood. The increase varied spatially across the region between the Heilong River and Songhua River. The lowest and highest groundwater depths during the flood were found in the northeast and southeast of the Sanjiang Plain, respectively (Figures 2 and 3) . The rising height was the change of groundwater depth above the average height within a corresponding period. Spatially, the rising height of shallow groundwater along cross-section I1 declined from west to east, with the smallest rising height (0.22 m) in the northeast (Raohe Farm) (Figures 1 and 2) . The rising height of shallow groundwater along cross-section I2 also declined from west to east, with the smallest rising height (0.29 m) in the northeast (852 Farm) (Figures 1 and 2 ). This spatial pattern indicates that the 2013 extreme flood mainly caused a shallow groundwater rise near the Heilong River and the Songhua River. Along cross-section I3, the rising height of shallow groundwater changed from 1.38 m to 3.2 m (Figure 1 and Table 1 ). Along cross-section I4, the rising height of shallow groundwater was from 0.42 m to 0.87 m. The rising velocity was 0.14 m/month to 0.22 m/month ( Figure 1 and Table 1 ). The spatial pattern along the cross-section shows that the effect of the 2013 extreme flood on shallow groundwater recharges was relatively small in the east of the Sanjiang Plain. Spatially, for the entire region, the largest and smallest rising height of shallow groundwater depth after the 2013 summer flood were found in the west (3.20 m) and east (0.22 m), respectively, of the Sanjiang Plain ( Figure 3 and Table 1 ). The fastest and slowest rising velocity of shallow groundwater depth following the flood occurred in the west (0.80 m·s For the entire Sanjiang Plain, we estimated an average increase of 1.24 m in groundwater table depth for the four flooding months (June to September) in 2013 ( Table 2 ). The recharge rate varied spatially, with the highest rate found in the west of the Sanjiang Plain, the Songhua River floodplain (Figure 4 ).
Changes in Shallow Groundwater Chemistry Following the 2013 Summer Flood
Significant changes in groundwater chemistry have been found following the 2013 summer floods. Overall, the pH of shallow groundwater increased following the flood in the wells in the east part of the Sanjiang Plain, but decreased in the wells in the west part of the Sanjiang Plain (Figure 5a,b) . The highest reduction of pH occurred in the southwest part of the Sanjiang Plain (2.61), while the largest increase was found in the central-east part of the Sanjiang Plain (2.6) ( Figure 5 ). In terms of NO3 
Discussion
Relevance of the 2013 Summer Flood to Groundwater Resources
The spatial pattern of the changes in groundwater table along the four cross-sections in this study suggests that different locations may have different sources for groundwater recharge. The rising height and velocity along the cross-section indicates that the shallow groundwater near the Heilong River and Songhua River received a significantly high recharge quantity from the 2013 summer flood. Our study found the largest and fastest rising height and velocity of groundwater in the western part of the Sanjiang Plain (Figures 3 and 4) , and the possible reason for this could be that the region is more directly influenced by the rivers (the Songhua River, the Woken River, and other sub-flows of the Songhua River, see Figure 1 ) due to their well-developed drainage network. It also could be a result of the lower permeability coefficient (15 m·day ) of the saturation zone found in the region [13] . Comparably, the eastern part of the Sanjiang Plain showed a lower rising height and slower rising velocity of shallow groundwater. The unusually high precipitation during the summer of 2013 and the intensive agricultural land use in the region may have been the reason for this. Precipitation during the 2013 flood period was high in the eastern part of the Sanjiang Plain (340 mm), whereas the dominant land cover of the region-Rice paddies-Was already under irrigation floods during June-September. In their study on surface-groundwater interactions in the Sanjiang Plain, Wang et al. [23] reported that the shallow groundwater in the region could gain from the surface wetlands and irrigation water infiltration. Therefore, the flood's effect on groundwater recharging in the eastern Sanjiang Plain appeared to be less direct than in the western Sanjiang Plain. These results suggest that future water resource management for the western Sanjiang Plain should especially consider practices for flood attenuation.
In this study, we found that the groundwater table in most wells, except for the Beishan and Farm 852 wells, dropped by the end of 2013 (Figure 2) . Overall, the Beishan well along cross-section I1 showed little annual change in its water table, but had a continuous rise up to the end of 2013. This may have been due to the local recharge under ponding conditions in the area. From their studies on the effect of overbank storage on groundwater, Doble et al. [28, 29] reported that inundated floodplains always had high recharge rates for shallow groundwater. The groundwater table of Farm 852 along cross-section I2 also increased towards the end of 2013, which may have resulted from high irrigation water infiltration. As for the wells along cross-section I3 in the center of the Sanjiang Plain with large area of wetlands, the source of groundwater was mainly the wetland flood water. For the wells along cross-section I4, far away from the Songhua River and Heilong River with a large area of irrigation region and wetlands, the source of groundwater recharge was probably the irrigation and wetland flood waters.
After the retreat of river water, groundwater can flow back into rivers. However, Becker et al. [4] found that flood water could take longer to flow back into the river after the flood than into the aquifer during the flood, because the absolute value of the head difference is higher during the flood. In terms of how long the flood water could have stayed in our study area, we cannot answer that due to a lack of field observations. We believe that some leakage flux may have occurred in most wells (except Lianjiangkou) and the flow to the aquifer may have been quicker than to the river during the flood (Figure 2 ). Lianjiangkou is located close to the river bank of the Songhua River ( Figure 1 ) and seems to be directly influenced by the river water. After the flood, the groundwater level quickly goes back to the pre-event stage. Other observation points like Jianshanzi and 852 Farming show that groundwater levels remain high for a longer period after the flood. This indicates an enduring groundwater induced by the flood event.
The average recharge height estimated for the 2013 summer flood in the Sanjiang Plain was 1.24 m, indicating the important role of large floods for regional shallow groundwater. If floods can be used as water resources through engineering measures (building a dam to control the flood) or non-engineering measures (building a underground reservoir to store more infiltrated flood or pumping more groundwater in pre-flood to allowing maximal recharge and storage in the following flood season or spreading flood to get more infiltration to groundwater), they may have a positive effect on the sustainability of groundwater resources that are currently affected by irrigation. Therefore, floods have their positive side from a groundwater recharge standpoint and should be considered in future regional water resources management. However, floods always seem like natural hazards, which are deemed to have negative effects on human health; any measurements taken should be sure not to damage human life or wealth. Therefore, we would balance the benefits of groundwater recharge with the losses due to flooding.
Effect of the 2013 Summer Flood on Water Quality
The hydrochemical data showed that Cl − concentration, which is a main pollution concern for shallow groundwater in China's major rice production base. In this case, the flood water apparently made a dilution effect on shallow groundwater chemistry. Similar findings were also reported by other researchers, e.g., McCallum et al. [30] , that EC of groundwater could decrease during flood periods.
However, Cl − and NO3
− concentrations and EC increased in the eastern and southern Sanjiang Plain (Figures 6-8) , far from the Songhua and Heilong Rivers. This may have been a result of increased leaching of nitrogen and other elements from the intensively fertilized rice paddies. Each year June to September is the fertilization period in the region; at the same time, large amounts of pesticides are often used to support rice growth. Therefore, a large amount of nitrogen and chloride could have leached into the shallow groundwater with the flood waters. In their studies on surface and aquifer water quality in the Sanjiang Plain, Cao et al. [17] and Bachand et al. [31] found that Cl − and NO3 − concentrations and EC all increased during floods on farmland due to the infiltration of surface application of fertilizers and pesticides. Cao et al.'s study [17] showed several wells in the region with suspiciously high NO3 − concentrations (up to 153.29 mg/L). Our finding of high NO3 − concentrations in some areas of the Sanjiang Plain (up to 161.2 mg/L) confirms concerns about severe groundwater pollution in the region. The increase of EC and pH in our studied wells in the eastern and southern Sanjiang strongly indicate the negative impact of intensive agriculture on shallow groundwater quality.
Methods
The Thiessen Polygon method used in this study for estimating average recharge height and groundwater quality changes is based on the average area method. The approach has represented well the average values and their changes in groundwater quantity and quality during the 2013 flood for the entire Sanjiang Plain. This method is simple and easy to apply for a large-scale region. However, other methods with spatial modeling or monitoring at a finer scale may need to be used in the future if more accurate results are needed.
Conclusions
This study is the first assessment of flooding's impact on shallow groundwater level and quality on the Sanjiang Plain, Northeast China, one of China's most important grain production regions and the country's largest inland freshwater wetland area. The study found that the 2013 extreme flood in the region not only played a tremendous recharging role for the regional groundwater storage, but also changed the water quality by both reducing Cl − concentrations and EC in areas that were under intensive agriculture. These findings indicate the important role that floods can play in regional water supplies and water quality. Based on the findings, we suggest that local and regional authorities should consider developing integrated strategies and plans in future flood protection and water resources management.
